Recently many exciting advances have been achieved in our understanding of Drosophila meiosis due to combined cytological and genetic approaches. New techniques have permitted
the characterization of chromosome position and spindle formation in female meiosis I. The proteins encoded by the nod and ncd genes, two genes known to be needed for the proper partitioning of chromosomes lacking exchange events, have been identified and found to be kinesin-like motors. The effects of mutations in these genes on the spindle and chromosomes, together with the localization of the proteins, have yielded a model for the mechanism of female meiosis I. In male meiosis I, the chromosomal regions responsible for homolog pairing have been resolved to the level of specific DNA sequences. This provides a foundation for elucidating the molecular basis of meiotic pairing. The cytological techniques available in Drosophila also have permitted inroads into the regulation of sisterchromatid segregation. The products of two genes (mei-S332 and ord) essential for sister-chromatid cohesion have been identified recently. Additional advances in understanding Drosophila meiosis are the delineation of a functional centromere by using minichromosome derivatives and the identification of several regulatory genes for the meiotic cell cycle.
The investigation of meiosis in Drosophila has two powerful advantages. The first is the ability of researchers to visualize the meiotic divisions in female and male meiosis ( Figs. 1 and 2 ). The second is a valuable collection of mutations affecting meiosis, an inheritance accumulated over seven decades.
The cytology of Drosophila meiosis has been investigated extensively during the past 20 years. In males, the meiotic cells are accessible to light and electron microscopy, so chromosome behavior as well as spindle structure and kinetochore ultrastructure have been described (1) (2) (3) (4) (5) (6) (7) (8) . In females, the early events of meiosis leading to homolog pairing, synaptonemal complex formation, and recombination were visualized in detail by electron microscopy of serial sections of oocytes (9) (10) (11) . This painstaking analysis provided an image of the structure of the synaptonemal complex and recombination nodules.
However, until recently the cytology of the chromosomes in later meiosis was not well characterized. The oocyte yolk obscures the meiotic spindle and chromosomes in the light microscope. One of the most significant recent advances in Drosophila meiosis is the improvement of female meiotic cytology to permit analysis of the later stages of meiosis (12) . Confocal imaging of whole mount oocytes has provided insights into the mechanisms that normally partition chromosomes during the meiotic divisions and the effects of mutations on those processes. Frequently in biology exceptional cases provide important insights into fundamental mechanisms. This has certainly been true for Drosophila meiosis (Fig. 3) . Genetic studies demonstrated that during the first meiotic division in Drosophila females homologs pair and segregate by the common mechanism of recombination, synaptonemal complex formation, and presumably chiasmata formation (13) . However, there is an exception. The tiny fourth chromosome does not undergo exchange and yet segregates faithfully. Larger chromosomes also partition properly when they fail to undergo exchange. A set of genes was identified that are necessary for the segregation of nonexchange chromosomes in the female, and the recent molecular and cytological analysis of some of these mutants has provided key information concerning the segregation of all chromosomes during female meiosis.
Meiosis in Drosophila males is also an exception to the general mechanism of homolog segregation. Recombination does not occur in males, and synaptonemal complex is not formed. Recent The investigation of meiosis in many organisms explained the requirement for recombination for homologous chromosome segregation (14, 15) . During meiosis I the homologs pair, and the resulting association between them is necessary for bipolar attachment of the bivalent on the spindle. The tension caused by the forces toward the two poles being counteracted by the forces holding the homologs together results in stable attachment of the bivalent to opposite poles (16 Grell (17, 18) and termed the distributive pairing system (Fig. 3) . Grell found that in Drosophila females chromosomes that lack homology (heterologous chromosomes) could segregate from each other, and she characterized the parameters of this segregation. She found that distributive segregation is influenced by the availability, size, and shape of the chromosomes. For example, the effect of free X duplication chromosomes of increasing size on the segregation of the fourth chromosomes was investigated (18) . These free duplications contain the centromeric region of the X together with varying amounts of X euchromatic DNA and are monosomic. If they pair with and segregate from another chromosome such as the fourth, then the other fourth homolog will move randomly to a pole. This can result in gametes that contain two fourth chromosomes. Thus, segregation of the free duplication from the fourth chromosome can be scored by the appearance of gametes with the free duplication but no fourth chromosomes and gametes with two fourth chromosomes but no duplication. Grell found that when the X duplication chromosome was equivalent in size to the fourth chromosome, the duplication segregates efficiently from the fourth chromosome.
In further analysis of the segregation of nonexchange chromosomes, Hawley et al. (19) also found that heterologous chromosomes could segregate from each other during female meiosis. However, in a series of experiments with free duplications they observed that homology can be important in the proper segregation of nonexchange chromosomes (19) . This led to an alternative nomenclature, illustrated in Fig. 3 , in which the segregation of nonexchange homologous and heterologous chromosomes is distinguished. There is genetic evidence for two pathways for segregating nonexchange chromosomes in that mutations in theAxs, ald, and mei-S51 genes affect the segregation of homologous nonexchange chromosomes but do not affect heterologous chromosomes (for review, see ref. 20) .
There is a large collection ofDrosophila mutants that affect homolog segregation during the first division of female meiosis. Most of these are defective in recombination (13) . The reason that reduced recombination leads to aberrant segregation is that it appears that female meiosis has a limited capacity for segregating nonexchange chromosomes. Thus, as more chromosome pairs fail to undergo exchange, the nondisjunction frequency increases.
Recent advances come from the analysis of two genes needed for the segregation of nonexchange chromosomes. The nod (no distributive segregation) gene is required only for the segregation of nonexchange chromosomes (21, 22) . The gene has been cloned and found to encode a member of the kinesin family of microtubule motor proteins. The N-terminal domain of the NOD protein is homologous to the motor domain of the kinesin heavy chain (23) . Mutations that disrupt NOD function result in changes in conserved amino acids, demonstrating the significance of the homology (24, 25) . For example, a dominant mutation, nodDTw, is the consequence of an amino acid change in the predicted ATP binding domain. Although it has not been possible to demonstrate motor activity with the purified NOD protein, it is hypothesized to be a plus-end-directed motor based on its conserved structure with kinesin.
The ncd (nonclaret disjunctional) gene is necessary for the segregation of nonex- In most organisms chiasma result from exchange events, as indicated by the crossed chromatid structure. These chiasmata hold the homologs together, and they may be stabilized by cohesion on the chromatid arms distal to the site of the chiasma. After the metaphase I/anaphase I transition (arrow) cohesion is lost on the arms, and the sister chromatids remain attached at their centromeric regions until the metaphase II/anaphase II transition. change and exchange chromosomes (26) . The ned gene also encodes a protein with kinesin homology, but in this case the conserved motor domain lies at the C terminus of the protein (27, 28) . A surprising observation was that, in contrast to kinesin, the purified NCD protein has a minus-end-directed motor activity on microtubules in vitro (29, 30) . NCD is also capable of bundling microtubules in an ATP-dependent manner (29) .
A major breakthrough in our understanding of the mechanism of homolog segregation in female meiosis I came from characterization of the cytology of the spindle in oocytes ( Fig. 1) (12) . The female meiotic spindle differs from that of male meiosis or mitosis in that the microtubules are not organized from the pole but rather from the chromosomes themselves. There are no apparent centrosomes. After pachytene in prophase I the chromosomes are held tightly condensed in a karyosome; individual chromosomes cannot be visualized. The synaptonemal complex is initially present after karyosome formation but then dissociates (7) . Prior to nuclear envelope breakdown short microtubules appear associated with the nuclear envelope. After envelope breakdown these appear to be captured by the chromosomal mass. Consequently, a bipolar spindle is formed in which the greatest microtubule mass is at the center, with the chromosomes, rather than at the poles (12) . In several mutants individual chromosomes move away from the spindle and are isolated in the cytoplasm (see below). Consistent with the role of the chromosomes in organizing the spindle, these single chromosomes are able to organize bipolar spindles.
At metaphase I in the stage 14 oocyte, the spindle elongates and is very narrow and tapered at the poles (Fig. 1A) . Strikingly, the nonexchange fourth chromosomes move out of the chromosomal mass at the metaphase plate and are localized on the spindle near the poles (Fig. 1A ) (12) . The fourth chromosomes are observed near the poles in living oocytes as well; thus, this position is not an artifact of fixation (W. Theurkauf, personal communication). If the dosage of the nod gene is reduced, other nonexchange chromosomes also will move out of the chromosomal mass toward the pole (12) . The extent of migration to the poles is a function of size; the X chromosomes do not migrate as close to the poles as do the tiny fourth chromosomes.
Mutations in the nod and ned genes cause alterations in the position of chromosomes or spindle structure that give insights into the mechanism of segregation of exchange and nonexchange chromosomes. In nod mutants the spindle is normal but nonexchange chromosomes are frequently observed in the cytoplasm outside the spindle (12) . These wandering chromosomes can reattach to the spindle and, when they do so, attach randomly to either pole. Thus, the cytological observations account for the nondisjunction and chromosome loss observed in the mutants.
A variety of spindle and chromosomal defects is observed in female meiosis in ned mutants (31) . In metaphase I the spindle is diffuse. Later in metaphase I/anaphase I, broad, diffuse, and multipolar spindles are observed. The chromosomes are frequently located off the spindle, in the cytoplasm. The dynamics of the spindle have been characterized recently by studying living oocytes from ned mutants. In real time it is observed that in ned mutants the spindle assembles more slowly, and the spindles that do form are not stable (W. Theurkauf, personal communication). The NCD protein is localized along the spindle microtubules during all of the stages of meiosis (32) . Thus, the NCD protein appears to be essential for forming and stabilizing the meiotic spindle, possibly by virtue of its capability to bundle microtubules (29, 31, 32) .
NOD protein localization provides much information concerning its function. The protein is localized all along the chromosomes in prometaphase-and metaphase-arrested oocytes, the only stages examined to date (33) . Moreover, the nonmotor domain of the NOD protein binds DNA with a preference for (A+T)-rich regions (33) . A set of deletions spanning a small free duplication chromosome was used to map the sites at which NOD acts (34) . This minichromosome, Dp1187, is transmitted faithfully during mitosis and meiosis in wild-type females, and it is lost at a slight but significant frequency in nod heterozygotes. However, deletions in the minichromosome result in a marked loss of transmission when the dosage of the nod gene is reduced. Consistent with the immunolocalization of the protein along the length of the chromosomes, deletions throughout the noncentromere region of the minichromosome enhance loss in nod heterozygotes. In general, transmission frequency increases with increasing size of the chromosome, although some regions interact more strongly with NOD than others.
The cytological and molecular observations converge to provide a model for meiosis I (4, 5) . Nevertheless, these nonexchange homologs pair and segregate faithfully during meiosis I. Mutations in the genes affecting the segregation of nonexchange chromosomes in the female have no effect on male meiosis (Fig. 3 , with the exceptions of Dub and ord discussed below); thus, distributive segregation does not account for the mechanism of male meiosis I. The distributive segregation functions may be integrally linked to the unusual female meiotic spindle. In contrast, the male meiotic spindle resembles a mitotic spindle with a microtubule organizing center at each pole, rather than a tapered spindle organized by the chromosomes as in female meiosis (3, 6) . In addition, the chromosomes do not assume a karyosome structure in the male and are condensed and visibly paired throughout the meiosis I division (Fig. 2A) .
Little is known about the trans-acting genes required for male homolog segregation, and some of the most interesting mutants have been lost (36) . However, recently there have been exciting advances in our understanding of the cis-acting elements responsible for homolog pairing. The mechanism by which homologous chromosomes find each other and pair during meiosis is not understood. Drosophila males provide the advantage that specific sequences promote pairing, thus giving a defined focal point from which to elucidate the molecular basis of pairing. Moreover, the ability to visualize pairing cytologically in testis squashes permits pairing to be addressed independently of segregation ( Fig. 2A) .
Cooper (37) demonstrated that the X and Y chromosomes pair at a specific site, termed the collochore. He used deletions to map the position of this site to the base of the long arm of the X chromosome and the short arm of the Ychromosome. In the past 5 years McKee and colleagues (38, 39) have delineated the basis of X-Y pairing to a molecular level. The repeated rDNA genes are present on the X and Y chromosomes in the vicinity of the collochore defined by deletions. McKee and Karpen (38) found that a single copy of the rDNA repeat inserted on the X chromosome is capable of restoring X-Y pairing and segregation to an X chromosome deleted for most of the X heterochromatin, including the collochore. By generating a set of deletions within the rDNA repeat and measuring pairing and segregation, a 240-bp repeated sequence within the intergenic region was found to be sufficient for pairing and segregation (39 That fact that homolog pairing in male meiosis requires homology, even for the sex chromosomes, suggests that some functions promoting homolog pairing could be shared between males and females, a point emphasized by McKee (40) . Such common functions have not been described. However, the previous screens for meiotic mutations were not saturating, and these genes may not have yet been isolated.
A recently identified gene Dub (Double or nothing), is intriguing because, to my knowledge, it is the first mutation that affects homolog segregation in meiosis I of males and females (Fig. 3) (42) . This suggests that the Dub gene could provide a common pairing function in both sexes, or it could be involved in another aspect of homolog partitioning used in both sexes. The Dub mutation is a conditional dominant allele that leads to predominantly meiosis I nondisjunction in males. In mutant females exchange chromosomes nondisjoin, but nonexchange chromosomes are affected most severely. Nonexchange chromosomes nondisjoin during meiosis I in Dub mutant females, whether they are homologous or heterologous. The Dub mutation also is a recessive conditional lethal, producing phenotypes consistent with extensive cell death or mitotic abnormalities. The possible effect of Dub on mitosis raises the potential for the Dub gene product to have a general function in segregation in all divisions. Further interpretation of the role of the Dub gene in male and female meiosis requires analysis of the loss-of-function phenotypes.
Sister-Chromatid Cohesion
The cytological techniques available to Drosophila researchers have permitted investigation of a critical aspect of chromosome segregation that has remained elusive in most other systems: the functions that hold replicated sister chromatids together until the metaphase/anaphase transition (43) . Mutations in genes encoding proteins required to hold sister chromatids together would cause premature separation of the sister chromatids in meiosis or mitosis, depending on which division they affected. Premature separation of the sister chromatids is identified most definitively if it can be directly visualized (Fig. 2D) . Two strong candidates for proteins having a primary role in maintaining sister-chromatid cohesion in meiosis are the Drosophila ord and mei-S332 genes.
Mutations in these genes cause aberrant meiotic chromosome segregation in females and males, and they have been observed to cause premature sisterchromatid separation in male meiosis (44) (45) (46) (47) (48) .
Premature sister separation occurs at different times in the two mutants. Cytology suggests different control of sisterchromatid cohesion early versus later in meiosis (43) . Early in meiosis I the sister chromatids are held together along their entire length, as they are in mitosis. This cohesion along the chromatid arms has been postulated to stabilize chiasmata in organisms with chiasmate meiosis (14) . At the metaphase I/anaphase I transition cohesion along the arms of the sister chromatids is lost, and they remain attached only at the centromere regions until the metaphase II/anaphase II transition (Fig. 2F) . Thus, based on the cytological observations, either there are different functions controlling sister-chromatid cohesion early and late in meiosis or the release of cohesion is spatially controlled so that it persists in the centromere region until anaphase II.
Even in apparent null mutations of mei-S332 sister-chromatid cohesion is normal until late in anaphase I (45, 46) . This observation suggests that the MEI-S332 protein might act specifically to maintain cohesion in the centromere regions of the chromosomes (Fig. 2 D and E) (46) . In contrast to meiosis, sister-chromatid cohesion is released in one step in mitosis at the metaphase/anaphase transition. Mutations in the mei-S332 gene have no effect on mitosis, and the gene is transcribed strongly during developmental stages when meiosis is occurring but not during the larval stages when mitosis occurs (49) . These results argue that mei-S332 plays a specific role in meiosis to hold sister chromatids together at their centromere regions.
The mei-S332 gene has been shown recently to encode a novel 44-kDa protein that is highly charged (49) . The MEI-S332 protein was localized by fusing it to the green fluorescent protein from jellyfish (49) . The MEI-S332-GFP fusion protein is fully functional, because it rescues mei-S332 mutants. MEI-S332-GFP localizes to the centromeric region of meiotic chromosomes from prophase I until metaphase II. Strikingly, as the sister chromatids separate in anaphase II and cohesion is lost, MEI-S332-GFP is no longer detectable on the chromosomes. These results indicate that MEI-S332 binds to centromere regions and holds sister chromatids together and that it must dissociate to permit segregation.
In contrast to the specific effect of mei-S332 on meiosis, mutations in the ord gene affect several aspects of meiosis as well as mitosis (47) (48) (49) (50) . Premature sisterchromatid separation is observed in male meiosis as early as prometaphase I (45, 48) . Null alleles give missegregation consistent with ratios predicted from premature separation and random segregation of the four sister chromatids through both meiotic divisions (48) . This is true for male and female meiosis. Thus, it appears that the ord gene is necessary to maintain sister-chromatid cohesion beginning early Review: Orr-Weaver in meiosis I when the sister chromatids are held along their lengths. One prediction is that the ORD protein may be localized on the chromosome arms as well as at the centromere regions.
In addition to loss of sister-chromatid cohesion, most mutations in the ord gene cause a reduction of recombination in female meiosis, and the exchange that does occur is not sufficient to ensure proper segregation (47, 48) . This is consistent with the prediction that premature loss of sister-chromatid cohesion would result in loss of chiasmata. ord may have several independent functions in meiosis, or the effects on recombination and cohesion may be related. Moreover, strong ord mutations result in mitotic nondisjunction in the male germline (48, 50) . However, these alleles show almost no effect on somatic mitotic divisions, so the requirement for the gene may be restricted to Ultimately it will be necessary to determine how segregation proteins interact with the chromosomes to partition them correctly during meiosis. In particular it is essential to identify the proteins that act at the centromere. The prerequisite for achieving this goal is to define the centromere at a molecular level. Drosophila has yielded a recent important advance in this area. The centromeres of the chromosomes in higher eukaryotes are complex, and they have eluded molecular characterization because they are embedded in heterochromatin. By studying the structure and function of a minichromosome, Karpen and colleagues (51, 52) have been able to localize a centromere.
The free duplication Dp187 is a deletion derivative of the X chromosome that is only 1.3 Mb in size and is stably transmitted (51, 52) . Deletions within the 1 Mb of heterochromatin on this minichromosome were generated, mapped, and tested for their effects on transmission (52, 53). The genetic assay for transmission requires stability in germ-line mitotic divisions, meiosis, and somatic mitotic divisions. This analysis defined a region of 220 kb essential for normal transmission of the minichromosome (52) . This interval is an island of complex DNA that is single copy or moderately repetitive DNA. Completely normal transmission requires an additional 200 kb of satellite DNA on either side of the essential region. Interestingly, transmission of the minichromosome through females is considerably more sensitive to the effect of deletions than is transmission in males. The delineation of a centromere will permit a comparison of cis-acting requirements for meiosis and mitosis. It will be interesting to determine whether different centromere functions are needed during the first meiotic division. These minichromosome deletions may make it possible to map the sites of MEI-S332 action and to determine whether MEI-S332 localizes to the kinetochore or flanking centric heterochromatin.
Cell Cycle Regulation of Meiosis
A complete understanding of meiosis requires that we know the mechanisms by which chromosomes pair and segregate but also that we elucidate the regulation of the steps of meiosis. Meiosis can be viewed as a variant of the normal mitotic cycle in which an extra, specialized division with homolog pairing and segregation is inserted after DNA replication. In addition, in multicellular organisms, female meiosis is arrested during oogenesis to permit growth and differentiation of the oocyte. Developmental signals subsequently trigger the completion of meiosis. In the case of Drosophila, the oocyte is arrested at metaphase I and the signal to complete meiosis involves movement into the uterus, although the molecular basis of this activation is unknown. The identification of the cell cycle regulators of meiosis is still preliminary, but recently several control genes have been isolated in Drosophila.
Several meiotic cell cycle control genes have been identified because they also have a role in the mitotic cell cycle. The twine gene was isolated as a homolog of string (stg), a mitotic cell cycle regulator, and it is needed for early steps in the meiotic cell cycle in males (54, 55) . twine encodes a tyrosine phosphatase. twine and string are homologs of the cdc25 gene of Schizosaccharomyces pombe, a positive activator of cdc2. The germ-line mitotic divisions take place in twine mutant males, but meiosis does not occur (54, 55) . Although no spindles are formed, some aspects of meiosis such as chromosome condensation are observed in twine mutants (56) .
The coordination of the two meiotic divisions in males requires the proper dosage of the product of the roughex (rux) gene (57) . In loss-of-function mutations of roughex the two meiotic divisions occur, but they are followed by another inappropriate division. Overexpression of roughex blocks the meiosis II division. Reducing the dosage of Cyclin A (CycA) or twine can suppress the roughex phenotype; thus, it appears that roughex acts through Cyclin A/cdc2 to control the second meiotic division. The effect of roughex mutations on female meiosis has not been investigated.
The meiotic arrest of oocytes is signaled in part by exchange events (58) . In recombination-deficient mutants, mature oocytes are not arrested at metaphase I but are observed in anaphase I, metaphase II, or anaphase II. An exchange event on one chromosome pair is sufficient to cause arrest, so it is not simply that chromosomes are physically constrained to the metaphase plate by chiasmata. However, it is not the exchange itself that causes arrest. Jang et aL (59) produced an "all-compound" strain in which the two homologs of each of the major chromosomes were attached to the same kinetochore. Although these compound chromosomes undergo exchange, there is no metaphase I arrest. Thus, it appears that the tension resulting from an exchange (and presumably chiasma) between two chromosomes with separate kinetochores sends a signal for meiosis arrest (59) . In twine mutant females meiosis initiates but fails to arrest at metaphase I, suggesting twine may be involved in the signaling process (55, 56) . twine mutant oocytes undergo a series of aberrant nuclear divisions and DNA replication.
The Drosophila oocyte is activated to complete meiosis by movement into the uterus, and fertilization is not required for this process. The molecular basis of activation remains a mystery, although the oocyte becomes hydrated upon oviposition. Moreover, the completion of meiosis can be efficiently activated in vitro by swelling in hypotonic buffers ( Fig. 1 B and  C) . Eggs from mothers mutant for the gene grauzone or cortex fail to complete meiosis and arrest at metaphase II (A. Page and T.L.O.-W., unpublished results). These mutations may disrupt the signals for the completion of meiosis.
Future Directions
The cytological techniques and genetics available in Drosophila have permitted great strides in our understanding of homolog pairing and segregation in meiosis I and mechanisms of sister-chromatid cohesion. Other important proteins will be identified by cloning genes known to be essential for meiosis. Insights into the function of these proteins will result from analysis of their localization on meiotic chromosomes or spindles. Furthermore, antibodies to these proteins will facilitate investigation of the interaction and rela-tionships between meiotic proteins by examining protein behavior in mutants. The foundation for the isolation of proteins acting at the kinetochore has been laid by the delineation of the centromere. In addition to these advances in our understanding of meiotic mechanisms, given the pace of the mitotic cell cycle field, it is anticipated that we will soon have a clearer image of the control of the meiotic cell cycle. 
